On 2019 August 14 the Laser Interferometer Gravitational Wave Observatory (LIGO) and the Virgo gravitational wave interferometer announced the detection of a binary merger, S190814bv, with a low false alarm rate (FAR) of about 1 in 1.6 × 10 25 years, a distance of 267 ± 52 Mpc, a 90% (50%) localization region of about 23 (5) deg 2 , and a probability of being a neutron star-black hole (NS-BH) merger of > 99%. The LIGO/Virgo Collaboration (LVC) defines NS-BH such that the lighter binary member has a mass of < 3 M and the more massive one has > 5 M , and this classification is in principle consistent with a BH-BH merger depending on the actual upper mass cut-off for neutron stars. Additionally, the LVC designated a probability that the merger led to matter outside the final BH remnant of < 1%, suggesting that an electromagnetic (EM) counterpart is unlikely. Here we report our optical follow-up observations of S190814bv using the Magellan Baade 6.5 m telescope to target all 96 galaxies in the GLADE catalog within the 50% localization volume (representing about 70% of the integrated luminosity within this region). No counterpart was identified to a median 3σ limiting magnitude of i = 22.2 (M i ≈ −14.9 mag), comparable to the brightness of the optical counterpart of the binary neutron star merger GW170817 at the distance of S190814bv; similarly, we can rule out an on-axis jet typical of short GRBs. However, we cannot rule out other realistic models, such as a kilonova with only ∼ 0.01 M of lanthanide-rich material, or an off-axis jet with a viewing angle of θ obs 15
INTRODUCTION
Observing run 3 (O3) of Advanced LIGO and Virgo (ALV) commenced on 2019 April 1, with a 50% increase in sensitivity compared to Observing Runs 1 and 2, cor-responding to a binary neutron star merger detection range of about 125 Mpc. As of the end of July 2019 the LVC has issued 22 public alerts (that were not subsequently retracted), of which 18 are high probability binary black hole (BH-BH) mergers, one (S190425z) is a likely binary neutron star (NS-NS) merger, two are ambiguous in terms of their astrophysical nature and overall detection robustness (S190426c and S190510g), and one is likely terrestrial (non-astrophysical) in origin (S190718y). While the candidate event S190426c was . Localization region of S190814bv overlaid with the locations of galaxies observed in our Magellan search on 2019 August 16 (red) and 17 (blue). These represent all galaxies present in the GLADE catalog within the 50% localization volume, corresponding to about 50% of all galaxies in this region down to a luminosity of 0.15 L * , and about 75% of the integrated galaxy luminosity within the region.
initially considered the first possible NS-BH merger, its probability of being such an event is only 13% and its false alarm rate (FAR) is only 1 in 1.6 years (with a corresponding 14% probability that it is terrestrial in origin).
On 2019 August 14 at 21:10:39 UTC (=58709.88240 MJD), ALV detected a GW candidate event, designated S190814bv, with an incredibly low FAR of 1 in 1.56 × 10 25 yr, a luminosity distance of 267 ± 52 Mpc, and a 90% (50%) confidence localization region of 23 (5) deg 2 (LIGO Scientific Collaboration & Virgo Collaboration 2019a,b); see Figure 1 for the localization map. S190814bv was initially classified with 100% confidence as a "mass-gap" event, namely a merger in which at least one of the binary members is in the mass range 3 − 5 M . About 13 hours later, initial parameter estimation revised the claimed nature of the event to NS-BH merger (i.e., a merger in which the lightest member has a mass of < 3 M ) with a probability of > 99%. We note that this definition allows the event to actually be a BH-BH merger, depending on the actual upper mass cut-off for neutron stars. In addition, the initial parameter estimation indicates that the probability for matter outside of the final merger remnant (the BH) is < 1%, suggesting that the merger is unlikely to produce electromagnetic (EM) emission (LIGO Scientific Collaboration & Virgo Collaboration 2019b). We note that this probability encapsulates information from the parameters of the binary (e.g., mass ratio, spin), which are not currently publicly available, and assumptions about the neutron star equation of state.
Here we report our optical follow-up of S190814bv using the Magellan Baade 6.5 m telescope to target galaxies within the localization volume. In §2 we present our Magellan observations. In §3 we compare the results of our search to the kilonova emission of GW170817, to theoretical kilonova models, and to on-and off-axis afterglow models. We summarize and draw initial conclusions in §4.
GALAXY-TARGETED FOLLOW-UP WITH MAGELLAN
Upon receipt of the LVC public alert for S190814bv, our automated software generated a list of galaxies from the Galaxy List for the Advanced Detector Era (GLADE) catalog (Dálya et al. 2018) covering the 90% confidence volume and ranked by probability within the volume (see Hosseinzadeh et al. 2019 for a detailed discussion).
We commenced follow-up observations with the Inamori-Magellan Areal Camera and Spectrograph (IMACS) on the Magellan Baade 6.5 m telescope at Las Campanas Observatory in Chile on 2019 August 16 at 08:15:38 UT (35 hours post-merger) and continued until morning twilight, with our last exposure ending at 10:30:02 UT, observing a total of 45 galaxies (Gomez et al. 2019a ). On the following night (2019 August 17) we observed from 08:08:39 to 10:27:14 UT (59 − 61.3 hr post-merger) and imaged 51 additional galaxies (Gomez S c i e n c e T e mp l a t e Di f f e r e n c e Figure 2 . A galaxy imaged with our Magellan search in the field of S190814bv (left), along with the corresponding reference image from PS1 3π (middle; Chambers et al. 2016) , and the resulting subtraction (right). The images are 2.5 on a side, oriented with north up and east to the left. The difference image exhibits only astrometric noise and cosmic ray artifacts; no counterpart is identified in this image to a 3σ limit of i = 22.2 mag.
et al. 2019b); see Figure 1 for the galaxy positions relative to the localization map of S190814bv. We obtained a single 60-s i-band image per galaxy to minimize moonlight contamination. The images were processed in real time following each exposure using a dedicated Python pipeline to perform bias subtraction and flatfielding. Image subtraction was performed relative to Pan-STARRS1 3π i-band images using the HOTPANTS software (Becker 2015) and we searched for candidate transients through visual inspection. No transient sources were uncovered in these observations to a median 3σ limiting magnitude and 90% percentile range of i = 22.2 +0.3 −0.6 . These limits were calculated for each individual image, from a measure of the average sky background and systematic noise sources, calibrated relative to field stars from the PS1 3π catalog. An example of the Magellan images and image subtraction results is shown in Figure 2 . We provide the information for all of the individual galaxies in Table 1 where the reported magnitudes have been corrected for negligible Galactic extinction with E(B − V ) ≈ 0.03 (Schlafly & Finkbeiner 2011) .
The 96 observed galaxies comprise all galaxies from the GLADE catalog in the 50% confidence volume of S190814bv (1.8 × 10
4 Mpc 3 ) with luminosities of 0.15 L * . To estimate the completeness of this sample we integrate the B-band galaxy luminosity function down to the same limit and estimate an expected 195 galaxies within the 50% localization volume of 1.8 × 10
4 Mpc 3 . This indicates that in terms of number of galaxies our search was about 50% complete within the 50% confidence region, or equivalently that we covered about 25% of the overall probability of the location of S190814bv. More importantly, in terms of integrated luminosity (and hence roughly stellar mass) the resulting overall fraction is higher, about 35% of the probability, since our galaxy list is essentially complete within the 50% volume to about 0.75 L * (which comprises more than half of the integrated luminosity).
COMPARISON TO GW170817 AND THEORETICAL MODELS
At the 90% confidence distance range of S190814bv a kilonova identical to that associated with GW170817 (M i ≈ −15.8 mag; Villar et al. 2017a ) would peak at a magnitude of i ≈ 20.5 − 22 at a timescale of about 1 day post-merger; see Figure 3 . The limiting magnitudes for our first night of observations span a median and 90% confidence range that can rule out a GW170817-like kilonova, while the observations obtained on the following night rule out such a kilonova only for the lower half of the distance range.
The kilonova associated with GW170817 was dominated at early time by a bright blue emission component, possibly due to ejecta from the collision interface of the two neutron stars (Metzger & Fernández 2014; Nicholl et al. 2017 ) or a (short-lived) hypermassive neutron star or magnetar remnant (Metzger et al. 2018; Fahlman & Fernández 2018 ). In the case of an NS-BH merger such processes are not expected, and the emission will instead be dominated by dynamical ejecta or an accretion disk wind. We therefore compare our limits to a model with a nominal ejecta mass of 0.01 M and a high opacity, which has a peak brightness of M i ≈ −13 mag (i ≈ 23.5 − 25 mag at the distance range of S190814bv) on a timescale of about 1 − 2 days (Figure 3 ). Such a model is beyond the reach of our observations. Finally, it is possible that an NS-BH merger can launch a relativistic jet as in short GRBs (Berger 2014; Paschalidis et al. 2015) . The currently-available GW information does not provide any insight on the inclination angle of the binary, so here we compare to both on-and off-axis models using the median properties of short GRB afterglows (Fong et al. 2015) in the BOXFIT software package (van Eerten & MacFadyen 2011) . We find that an on-axis afterglow can be ruled out by our observations, while a model with an off-axis viewing angle of 15
• will be dimmer than about 24 mag, beyond the limits of our search.
We therefore conclude that for the region covered by our search we can generally rule out an optical counterpart similar to or brighter than GW170817, as well as an on-axis jet typical of cosmological short GRBs. However, we cannot rule out potential scenarios such as low-mass and lanthanide-rich kilonova, or an off-axis jet. We note again that current parameter estimation indicates no matter outside of the remnant's horizon so it is possible that S190814bv did not produce any EM radiation.
DISCUSSION AND CONCLUSIONS
We presented Magellan follow-up observations of the NS-BH merger candidate S190814bv. Our search tar-geted 96 galaxies in the 50% probability region, and did not yield potential counterparts to a median limiting magnitude of i ≈ 22.2. We estimate that our search covered about 75% of the integrated galaxy luminosity within the targeted region, leading to about 35% of the effective probability for S190814bv. Within this effective volume we can rule out the presence of an optical counterpart similar to or brighter than GW170817, as well as an on-axis afterglow typical of cosmological short GRBs. We cannot rule out dimmer but relevant models such as a lanthanide-rich kilonova with an ejecta mass of 0.01 M , or an off-axis jet.
We stress that to robustly rule out the presence of an optical counterpart to S190814bv for these range of models requires coverage of the full localization volume to a limiting magnitude of ≈ 25 mag. This is well beyond the reach of any search reported via the GCN circulars. Thus, the existence of optical emission from S190814bv is likely to remain ambiguous.
From the point of view of GW information for S190814bv, it is unclear whether this is an NS-BH or BH-BH merger since the LVC definition of a neutron star as an object with < 3 M actually allows for both possibilities, depending on the actual mass cut-off for a neutron star. For the purpose of optimizing future EM follow-up of potential NS-BH mergers we urge the LVC to also provide the probability that the lighter binary member has a mass of < 2 M , a much better indicator of a true neutron star nature than the current < 3 M definition.
In either case, the LVC has indicated that the probability for matter outside the final BH remnant is negligible (< 1%) suggesting that this is either an NS-BH merger with a high mass ratio and/or negligible black hole spin (in which case the neutron star was not disrupted outside the black hole horizon) or a BH-BH merger. If the latter is the case, then our limit on optical emission (over 35% of the probability volume) is about 1.8 times deeper than the limit on optical emission from the BH-BH merger GW170814 (at z ≈ 0.12; Doctor et al. 2017 
